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REMARKS 

Claims 1-8 are pending. Claims 1, 3-5, and 7 has been 
amended to more distinctly describe the invention. 

Rejection under 35 U.S.C. 5112 

On page 2, paragraph 1 of the office action dated May 17, 2007, 
the Examiner has queried the definition of "intein" as presented on 
page 20 of the specification. The Examiner reports that the concept of 
self splicing of a native intein in a native context is confusing to the 
Examiner in view of the claimed thiol-induced cleavage of an intein 
defined on page 20 from an intein-fusion protein. 

The carrier conjugates described here are orientated so that the 
C-terminal end of the carrier protein is fused to the N-terminal end of 
the intein (see Figure 1 in the Application). The intein characteristically 
has an N-terminal cysteine. 

The completion of a splicing reaction by a native intein can be 
inhibited by a thiol reagent or by a mutation within the intein so that 
cleavage but not splicing occurs. In the presence of a thiol reagent, a 
C-terminal thioester is added to the C-terminal end of the carrier 
protein during cleavage. 

A comparison of splicing and intein-mediated peptide ligation is 
provided in Figure 1 of the accompanying paper authored by Evans et 
al. {Protein Science 7:2256-2264 (1998) - attached hereto). It is Well 
understood in the art that a thiol reagent does not effectuate self- 
splicing but rather inhibits splicing and promotes cleavage. 
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The Examiner recited the first line of a definition that extends for 
10 lines. In fact, the definition further states: 

An intein further includes derivatives or modifications of the 
listed inteins including amino acid substitutions as long as these 
derivatives and modifications permit cleavage.. .it is known that 
certain mutations do not prevent an intein-induced cleavage 
reaction. (Application, page 20) 

The specification then describes how: 

a carrier protein or a ligand protein is positioned upstream of the 
intein (for example, a vector selected from Impact™ or 
designed according to an IMPACT™ vector design. (Application, 
page 30, line 27) 

In paragraph 2 of the office action dated May 17, 2007, the 
Examiner has confused the N-terminal cysteine of the intein with the 
C-terminal thioester on the carrier protein. The formation of a C- 
terminal thioester on the carrier protein is the result of cleavage of an 
intein fusion protein in the presence of a thiol reagent. In the 
presence of a thiol reagent (e.g. 2-mercaptoethanosulfonic acid: 
MESNA), the intein is cleaved at its N-terminal end as shown in Figure 
1 in the above application and a thioester is added to the C-terminal 
end of the carrier protein. The N-terminal cysteine referred to by the 
Examiner in paragraph 2 of the office action date May 17, 2007 is the 
first amino acid on the intein, not the protein. 

Intein-mediated cleavage to generate a C-terminal thiol reagent 
on a protein in the presence of MESNA is the subject of U.S. patent 
6,849,428 assigned to New England Biolabs, Inc. (NEB). When 
describing intein-mediated ligation in for example column 13 of the 
reference, Knock et al. refer to IMPACT™ (NEB) (see attached product 
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information from the NEB catalog dated 2002/2003), and to U.S. 
5,834,247 (also assigned to NEB and authored by the present 
inventors). 

The Examiner has additionally rejected the claims as indefinite in 
view of the use of the term "intein" and "carrieMntein fusion protein'' 
and the role of MESNA because of the apparent confusion by the 
Examiner with respect to self splicing and cleavage. The discussion in 
the above paragraphs addresses this point. In view of the above, 
Examiner is respectfully requested to reverse the rejection. 

The Examiner refers to creating a reactive Oterminal thioester 
on one of the carrier or ligand as a product of intein cleavage in the 
presence of a thiol reagent as mechanistically false. Applicants 
respectfully submit that as explained above, a protein fused to an 
intein according to the description in the application may be cleaved 
from the intein in the presence of MESNA to produce a reactive C- 
terminal thioester. In the present claimed invention, the carrier 
protein (not the ligand) is cleaved from the intein to generate a C- 
terminal thioester. 

The description for Figure 1 in the Application states: 

to induce cleavage of the protein bond prior to the N-terminal 
cysteine of the intein resulting in the formation of a reactive 
thioester on the Oterminus of the wild type CBD 

This embodiment is consistent with the explanation provided 
above and is an example of the claimed invention where claim 1 as 
amended requires that a "a carrier-intein fusion protein is cleaved in 
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the presence of 2-mercaptoethanosulfonic acid to generate the O 
terminal thioester on the carrier protein''. 

Rejection under 35 U.S.C, 5102 

The Examiner has rejected the claims as anticipated by Knock et 
a!. The Knock reference does not anticipate each and every element of 
the claimed invention and therefore does not anticipate the claimed 
method under 35 U.S.C §102. The Knock reference describes how to 
immobilize proteins using intein-mediated ligation between a peptide 
and an anchor protein. In contrast, the present application utilizes 
intein-mediated ligation as a step in the purification of a wide range of 
ligand-binding molecules which have the property of binding to an 
immobilized ligand. 



Present application 


Knock et al. 


Carrier: Oterminal thioester on 
the Carrier (anchor) must be a 
protein. Pages 14-15 


Anchor: Nucleophilic group on the 
Anchor (carrier) - anchor does 
not need to be a protein, 0023 


Ligand: Nucleophilic group on the 
Ligand. Ligand does not need to 
be a protein. Pages 14-15 


Ligand: C-terminal thioester on 
the ligand must be a protein. 
H 0023 


Carrier binds to matrix 


Anchor binds matrix 


Ligand reacts with ligand-binding 
molecule. 


Peptide reacts with peptide- 
binding molecule. 


Elute ligand-binding molecule 
from ligand under conditions 
where the ligand-carrier remains 
bound to the matrix. 


No elution step described. 
Only immobilization. 
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There are significant differences between Knock et al. and the 
present application. 

The present claimed method is an improvement to Knock et al. 

Knock et al. require that the ligand be a protein/polypeptide. This is 
explicitly stated in for example: paragraphs 0012-0019, 0021, 0042, 
0045, 0047, 0048, 0049, 0066 and claims. Even if it were not 
explicitly stated, the fact that the protein/polypeptide carries the C- 
terminus thioester requires that it be synthesized as a fusion protein 
where the reactive thioester results from intein cleavage. 

The Knock reference is additionally a method for immobilizing 
proteins and not a method for purifying protein that requires an 
elution step. There is no suggestion or requirement in Knock et al. 
that a molecule binding to the polypeptide be capable of elution or 
more particularly capable of elution without causing the anchor or 
bound peptide to become disassociated from the substrate. 

In contrast, the present claimed method does not require that 
the ligand be a protein because it does not have the reactive thioester 
at its C-terminus. Instead it has an N-terminus that is a nucleophile. 
Consequently, the ligand need not be expressed as a fusion protein. In 
fact the specification states that the ligand may be a protein, DNA, a 
carbohydrate or a small molecule. (Application, page 19 line 5). 

The present claimed method is additionally a method for 
purifying a ligand-binding molecule from a mixture. This method 
requires an elution step. The method also requires that the carrier be 
associated with a matrix non-covalently. 
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Consequently, the Knock et al. reference does not anticipate the 
claimed invention. 
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CONCLUSION 



For the reasons set forth above, Applicants respectfully request 
that the rejections set forth in the Final Office Action of 
May 17, 2007 be withdrawn and submit that this case is in condition 
for immediate allowance. Early and favorable consideration leading to 
prompt issuance of this Application is earnestly solicited. 

Applicants are concurrently filing a notice of appeal and a 
petition for a three-month extension of time to file a response. 
Applicants authorize that the fees for the notice and extension, which 
total $780, be charged to Deposit Account No. 14-0740. Applicants 
also authorize that any deficiencies be charged to Deposit Account No. 
14-0740. 



Date: November 14, 2007 
Customer No.: 28986 



Respectfully submitted, 

NEW ENGLAND BIOLABS, INC 

/Harriet M. Strimpel, D.Phil/ 
Harriet M. Strimpel, D.Phil. 
(Reg. No.: 37,008) 
Attorney for Applicant 
240 Country Road 
Ipswich, Massachusetts 01938 
(978) 380-7373 
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Abstract 

Two cytotoxic proteins, bovine pancreatic ribonudcase A (RNase A), and a restriction cndonuclease from Haemophilus 
parainfluenzal* {Hpa\)< were produced using a novel semisynthetic approach that utilizes a protein splicing element, an 
intern, to generate a reactive thioester at the C-tcrminus of a recombinant protein. Nucleophilie attack on this thiocstcr 
by the N-termina) cysteine of a synthetic peptide ultimately leads to the ligation of the two reactants through a native 
peptide bond. This strategy was used to produce RNase A and Hpa\ by isolating inactive truncated forms of these 
proteins, the first 109 and 223 amino acids of RNase A and lipal, respectively, as fusion proteins consisting of the target 
protein, art intern, and a chkin binding domain. Thiol-induced cleavage of the precursor led to the liberation -of the target 
protein with a C -terminal thiocster-tag. Addition of synthetic peptides representing the amino acids missing from the 
truncated forms led to the generation of full-length products that displayed catalytic activity indicative of the wild-type 
enzymes. The turnover numbers and K m for ligated and renutured RNase A were 8,2 s" 1 and 1 .5 mM, in good agreement 
with reported values of 8.3 s"' and L2 mM (Hodges & Mcrriftcld, 1975). Ligated Hpa\ had a specific activity of 
05-1.5 x 10* U/mg. which compared favorably with the expected value of 1-2 X 10 6 U/mg (J. Benner. unpubl. obs.). 
Besides assisting in the production of cytotoxic proteins, this technique could allow the easy insertion of unnatural 
amino acids into a protein sequence. 

Keywords: cytotoxic proteins; intein; protein ligation; protein splicing element: semisynthesis 



The engineering and study of proteins have greatly benefited from 
techniques that allow the manipulation of amino acid composition 
at the protein level. These methodologies broaden the realm of 
protein engineering to include the incorporation of unnatural amino 
acids and the isolation of proteins that are cytotoxic or difficult to 
express (Offord. 1987; Kent, 1988; Roy & Aeharya, 1994; Wal- 
lace, 1995). These include in vitro translation using chemically 
misacylated tRNAs. total chemical synthesis of polypeptides, and 
protein semisynthesis. The use of an in vitro translation system 
bypasses problems associated with toxicity and restriction to coded 
amino acids, but the final protein yields tend to be low (Noren 
et aL 1989), Solid phase total chemical synthesis involves the 
stepwise addition of amino acids to a peptide anchored to a support 



Reprint requests to: Ming-Qun Xu. New England Biolabs. Inc., 32 To/er 
Road. Beverly. Massachusetts 019 15; e-mail: xum@ueb.eom. 

Abbreviations: CBD. chitin binding domain; Of. cyluline 1 \V -cyclic 
monophosphate; DTT. dithiothreiiol; CiSH. reduced glutathione; GSSG. 
oxidized glutathione; HpaX, a restnetion endonucteasc from Haemophilus 
piirutnjhimw. Hpa t 2 ?> the first 223 amino acids of Hptt\\ MBK maltose 
binding protein: MBSNA. the sodium salt of 2-mercapiocthancsutfonic 
acid; MYB, a fusion protein of MB!'~5ct VMA intein (N454A)-CBD; 
MXB, a fusion protein of MBF-Ato GyrA intein (N 1 98A) CBO; RNase A. 
bovine pancreatic ribonucleic A; RNase A, { ». the first 109 amino acids of 
KNasc A with a methionine added to the N terminus. 



through its C-terminal residue (Kent, 1988). Unlike proteins ex- 
pressed in vivo, synthesized peptides are not restricted to the coded 
amino acids. Unfortunately, a major limitation of this technology is 
that polypeptides of larger than about 100 amino acids are difficult 
to obtain. 

To overcome this limitation and to develop the potential for 
more extensive manipulation of proteins, new methods that lead to 
the precise condensation of synthetic peptides (Dawson et uL 
1994; Jackson et al. 1994; Liu & Tarn, 1994) and protein semi- 
synthesis (Oflbrd. 1987: Roy & Aeharya. 1994; Wallace. 1995) 
have become the focus of many studies. Semisynthesis can be 
achieved by several approaches, and results in the fusion of a 
chemically manipulated or synthetic peptide to other fragments of 
a protein. Studies on cytochrome c (Wallace, 1993) and insulin 
(Nakagawa & Tager, 1986) utilizing semisynthesis to incorporate 
noncoded amino acids have provided insights into their structure/ 
function Relationships, However, current semisynthetic techniques 
can be limited by protein size, the requirement for proteases, auU/or 
the need for specialized reaction conditions. 

The ligation methodology presented in this paper takes advantage 
of an intein whose protein splicing activity has been blocked by mu- 
tation, inteins are naturally occurring proteins that catalyze their own 
excision from a precursor protein with the simultaneous ligation of 
two Hanking protein sequences, resulting in the generation of two 
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tmem-med'uued protein ligation 

proteins from a single gene product (Fig. 1 A; Kane et al., 1990; Per- 
lerct a)., 1994). Hie splicing reaction is initiated at the N-tcrminal 
residue of the intein with an N-S acyl-shift (in intcins with an 
N -terminal cysteine) and release of the intein from the precursor is 
mediated by the cycltzution of a C-terminal asparagine residue (Xu 
elaL !994:Shaoct al. 1 995; Chong el al„ 1 996: Xu <fc Perler, 1996). 

Mutation of the reactive asparagine residue to alanine blocks 
splicing by preventing cleavage at this splice junction. However, 
this mutant can still undergo the N-S shift, making it sensitive 
to thiol -mediated cleavage between itself and an N-terminal tar- 
get protein {Chong et al., 1997), In practice, the target protein is 
isolated from Escherichia volt cell extract as a three-pan fusion 
protein consisting of the target protein, an engineered intein, and 
a chain-binding domain (CBD) affinity tag (Fig. IB). Thiol- 
inducetl cleavage of the fusion protein results in the release of 
the target protein with a C-terminal thioester (Chong ct al., 1997). 
A previously described protocol, known as "native chemical li- 
gation*' (Dawson et al.. 1994), resulted in the fusion of two 
synthetic peptides when the N -terminal cysteine of one peptide 
attacks a C~tcrmina{ thioester present on another peptide. Ini- 
tially, a new thioester bond is formed between the peptides, but 
this spontaneously rearranges to generate a stable peptide bond. 
Interestingly, this process is analogous to steps 2-4 of the protein- 
splicing pathway (Fig. I A). The potential of a procedure such as 
"native chemical ligation" can be greatly increased by taking 
advantage of the thioester produced on a bacterial ly expressed 
protein during intein- media led purification. 

In this paper, we describe a new method for protein semisynthe- 
sis that allows the facile production of a recombinant protein frag- 
ment fused to a synthetic peptide through a native peptide bond. This 
technique was used to produce two potentially cytotoxic proteins, 
bovine pancreatic ribonuc lease A { RNase A) and the type II restric- 
tion cndonuclease Hpal (ho et al., 1992). by first expressing inac- 
tive fragments in bacteria followed by reaction with synthetic 
peptides to generate en/.ymaticalty active fusion products. 

Results 

OviwratUm ttf thioestet-tagged ptvteins 

The ligation reaction involves the complementing of two reactive 
groups, chc C -terminal thioester of a protein and the N-terminal 
cysteine of a synthetic peptide (Fig. IB). Proteins with C-terminal 
thioesters were generated as enzymatically inactive, truncated forms 
of bovine pancreatic rihonucleuse A and Hpal using the Mxe GyrA 
intein (Teienti et al., 1997), with an asparagine 198 to alanine 
mutation (NI98A), This protocol was similar to a purification 
technique described previously for a modified See VMA intein 
(Chong et al., 1997). 'Hie truncated proteins, the first 109 amino 
acids of RNase A (RNase A« w ) with u methionine added to the 
N-terminus to aid in bacterial expression and the first 223 amino 
acids of Hpai (Hpa J 2 2:0 were expressed in £. coli as three- part 
fusion proteins consisting of the target protein, the intein. and the 
CBD (Figs. IB, "J, 4). The fusion protein was isolated by binding 
io a column containing chitin beads, Thiol-mduced cleavage re* 
leased the target proteins with a thioester at the C-terminal alpha 
carbon. 

Previously, the nature of the C-tcrrninal thioester was found to in* 
fluenee the rate of ligation for "native chemical ligation" (Dawson 
et a).. 1994). In ibis study, the thiol used to induce imein-mcdiated 
elcavage had a profound effect on ligation efficiency. Tests were con- 
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ducted with amino acids known to be good for thiol -induced cleav- 
age, tyrosine, and glycine for the Mxe GyrA ( N I 98 A) ond See VM A 
(N454A) inteins, respectively, at the C-terminusof maltose binding 
protein (MBP, New England Biolubs, Beverly, Massachusetts) (Du- 
play et al.. 1984: Guan et al.. 1987) from £ call (Fig. 2A). TWo of 
the most effective reagents at inducing intein-mediatcd cleavage, di- 
thiothreitol and 2-mercaptocthanol (Chong et al.. 1997). displayed 
low ligation efficiency (20-50%. sec Fig. 2A,B). Other compounds 
were tested for both the ability to induce intein- mediated cleavage 
and promote efficient ligation. Two compounds were found to dis- 
play >80% ligation efficiency after an overnight incubation at 4 °C. 
the sodium salt of 2-mcrcaptocthanesulfonic acid (MrlSNA, Sigma 
Chemical Co., St. Louis. Missouri) and thiophcnol (Aldrich Chem- 
ical Co. Milwaukee, Wisconsin) (Fig. 2B). Thiophcnol had been used 
in the past with "native chemical ligation" to increase the rate of li- 
gation (Lu ct al., 1996). However, neither compound caused more 
than 30% cleavage of the See VMA intein fusion protein after over- 
night incubation at 4 P C (Fig. 2A). in contrast, the modified Mxe 
GyrA intein displayed efficient cleavage (>90%) after overnight in- 
cubation at 4 *C when either of these compounds were present at » 
concentration of 50 mM (Fig. 2 A). MBSNA is odorless, and was 
used in future experiments. 

In addition to the sensitivity of different luteins to different 
thiols, thiol- induced cleavage of the same intein can be dramati- 
cally altered by the target protein C-terminal residue both in the 
Sec VMA intein (Chong et a I., 1998) and the Mxe GyrA intein 
(F.B. Perler and M.W. South worth, pers. obs.}. In this paper, the 
Ate GyrA (NI98A) intein did not cleave efficiently with the al- 
anine (A!a, lw ) of the truncated RNase A adjacent to the firs I res- 
idue of the intein. and led to a lower than expected yield of RNase 
A (about 0.3 mg/Lcell culture after HPLC purification, whereas, 
based on estimates of precursor amounts, the expected yield would 
be 4-8 mg/L cell culture). However, the Hpal fragment had a 
methionine (.Met 22.1) adjacent to the first residue of the intein und 
it cleaved efficiently. This resulted in the isolation of 3-6 mg/L 
cell culture of ligated Hpal, In fact, in cases where maximum yield 
is desired it may be advantageous to carefully select the intein. 
thiol, and target protein. 



Protein ligation 

The (hiocster-tagged proteins were allowed to undergo ligation 
with a peptide containing an N-terminal cysteine by adding lyoph- 
ilized peptide (I mM final concentration) to the target protein 
fraction and incubating overnight at 4 °C. Ligation efficiency was 
high for both truncated proteins (>90%, Fig. 4) when MESNA was 
used. Furthermore, the condensation reactions occurred under a 
variety of conditions. Intein-mediatcd peptide ligation, with MBP. 
has been observed in Tris buffers (50 mM Tris-HCl. 100 mM 
NaCl) in which the pH varied from 6.0 to 9.0, although the effi- 
ciency of ligation was lower at pH 6 (>60%) than at pH 9.0 
(>90%). Ligation also proceeds well (>80%) in Tris buffers 
(50 mM Tris-HCl, pH 8.0) containing 0.1-1 M NaCl or 6 M urea 
(data not shown). Also, (he small peptide can be synthesized with 
unnatural amino acids, radioactive residues, or other properties not 
possible from recombinant sources. For example, using this pro- 
cedure a biotinylated peptide has been ligated to MBP (data not 
shown). A limitation, as wiih all semisynthetic methods, is thai the 
residue to be modified must occur within a peptide of a size that 
can he chemically synthesized. 
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Mechanism of Protein Splicing 

H 

^Sv HSv 
N-Kxtem f ^ Intein ^ C-Extcin 
H 



B 



[ntcin-Mcdiated Peptide Ligation 




o c * sl 

Step 1: N-S Shift 



It 




Ligation Target f N Intein CBD i 
Step I: N-S Shift 



Step 2: 

Transesterification 




Step 3: Succinimide 
Formation 




Step 2: Thiol Mediated 
Cleavage 



Step 3: Peptide Attack 



Step 4: S-N Shift 



I 




Step 4: S-N Shift 



hf N Cy.s 



Kig. 1- Mechanism protein splicing and peptide ligation. A: Protein splicing of an lutein with an N-tcrmimil cysteine. Step I is an 
N-S aeyl shin that ucctirs between the C-lcrminal amino acid of the N-cxtein thatched box) and the N- terminal cysteine of the iniein 
{yellow box) and results in (he formation of a reactive thioester. This thioester is the tocus of a transestcrifteation (step 2) reaction Una 
results in a branched intermediate at the N-terminul cysteine of the Gexiein thlue box). 'Hie branched intermediate is resolved hy the 
cycli/.aiion of an asparagine residue at the C-tcnninus of the imein to form a succinimide group (step 3). The intein tj» released front 
the, precursor and the extein residues are attached through a Ihtoester band. A spontaneous S-N aeyl shift generates a peptide bond 
between the extein sequences and results in a fusion product with a peptide ImuuI at the. site of condensation (step 4). N: Intein-inediated 
peptide ligation. As in protein splicing, the initial step i> an N-S aeyl shift that generates a thioester between the target protein (red box) 
und the mien: (yellow Ikix. step I), lite ehitin Irindimj domain from H. citvulnus iorangc hollow circle; Watanabc et ul.. 1994) allows 
easy purification or the three-part fusion protein by interaction with chitin resin (blue circle). Unbound proteins are washed away, A 
nucleophilie attack on the thioester by a small thiol compound (step 2) cleaves the precursor protein und generates a new ihioCMcr at 
the C-icrminus of the target protein. The cleaved target protein is elated fiom the ehiiin resin* while the intein-CBD rentains bound. 
The newly formed thioester is reactive to attack by a cysteine residue at ihe NHcrminus of a peptide (green box, step 3). In common 
with step 3 of protein splicing, this results in a thioester bond between the target protein and the peptide. An S-N aeyl shif) results in 
the formation of a peptide bond between the peptide and the target protein. It should tv noted that although the direct attack of a peptide 
on the thioester formed between the target protein and the intein is theoretieally |>ossiblc. it was not found to occur under these 
conditions (data not shown). 
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KIr, 2. Cleavage anJ ligation reaction* with dtffcretil thiols visualized on I0~20$ iricinc gels. At Thiol -induced cleavage or MYB and 
MXB. MYB la fusion protein of maltose tending protem-.Y<r VMA intent i N454 A)-ehiiin btmtinp domain) and MXli (a fusion protein 
of maltose binding protein ^/.ve (JyrA INIWAI intcin-chhm binding domain) were incubated overnight ai 4*C with various thiols 
(50 mM i iri 150 mM Tri$, 100 mM NjiO, pi I 8 as described hi Materials and methods. Lanes 1--S: cleavage of MYB. Lane I: no thiol; 
lane 2: dithiothrehoL lane 3: 2-meaaptoethancsulionie acid; lane 4; 3-mercaptopmpionic acid: lane 5; thiftphenol. Lanes 6-10: 
cleavage of MXH. Lane (>: no thiol: kmc 7: diihiotiirciiol; lane X: LMnercaptocthanesulfnnic acid: lane *J: 3-mea*aptopropion»c acid: 
lane 10: ilnophcnol. It: "Ittiol -induced cleavage and ligation with MYH and MXB. MYH and MXB were incubated as desentvd in A 
except thin a 30-:muno acid pcpiide- was also present !l mMj isee Materials and methods), The peptide liuates to the C-ieaninus «>f 
maltose binding protein. Umcs 1-5: ligation with MYH. Lane I: no thiol: lane 2: iliihfctthnritol: lane 3: 3-tncrcapKWhanestHfome acid; 
lane 4: 3?mcrctiptopritpionic acid: lane 5; thiophenof. Lane> 6-H): ligation with MXB. Lane 6: no thiol: lane 7: Uiihiothreito!; lane s 4 ; 
2'iiK'aapiocttwinesuirontc acid: lane *): 3-inwcaptoprupionic acid: lane 10: ihinphennl, 



The choice of u site to split a protein is constrained mostly by 
the presence of u cysteine, although mutating a residue to a cys- 
teine to facilitate ligation may run aller the protein's activity. The 
residue C-tcnninal to the fusion site may affect lip! ion as dis- 
cussed by Dawson ct aL for native chemical ligation (Dawson 
et al„ 1994), However, this study indicated that different amino 
acids at the C -terminus of the recombinant protein do not seem to 
significantly change the ligation efficiency, although this is based 
on a limited sampling. Fragments of RNase A and Hpo\ demon* 
strate efficient fusion with alanine ami meihioniiuuti their C -termini, 
furthermore, studies with MBP indicate that ligation also proceeds 

Bovine pancreatic RNase A 

t MKl.TAAAKf E RQHMDSSTSA ASSSNYCNOM MKSKN'LTKPK 
41 CKV VNU'VHK SLA DVQAVCt QKNVACKNGQ rNC YQS YSTM 
*i SITDCRlitOS SK VPNCAYKT TOANKMtfVA CECiSPYVPVIt f PASV 

Hpa I 

I MKYBKINFKV PVHSPYYPNV SgCVl&fUYS tLKNQKDMGO ORHtNTNLK 
5 1 KOU'ta-NtNK J AO PM tliAWA 101 V t'SGlUDN HDSQ YNUN V CAQiiK LOISI) 
to) nt gl OVNNN VtTONVDVKA YSNDIPDSOK SI'NH St : SRI RTAYVKUPNF 
151 IFIILS1KMS VYVKRNKYTN LMIXilMOIlD FNVYDI.KYIS DSDISYNf'Al. 
201 tnOOlQIKIii MYVSSOKRTt WQM COl.1 .»U VUSKKKim CJPYNKAKKNK 

25i mm 

h'i|». 3. Amino acid sequences of bovine pancreatic RNase A ami HfHtl 
Note thai a mcthtonine has been added to the NMcrniimis oT RNase A to 
allow tmnslation in the hacierial system. UNase A and ///wtl were termi- 
nated :u alanine i(>9 (KN'ase A»<>;. native RNase A numbering) and methi- 
onine 223 (Hpa far,), lespeetivcly. beeauiie r*uh of these residues were 
followed by naturally occurring eysicincs. The remainin|» peptides (under- 
lineil) were symhesi/ed by standard solid-phase procedures i Ncw : nngland 
Biolahsl. 



well with leucine, glycine, or tyrosine as the Gtcrminal residue 
(data not shown). 

Enzymatic activity of ligated proteins 

"Hie truncated fragments of RNase A and Hpui lacked any detect- 
able etr/.ymatic activity (data not slu>wn for truncated RNase A): 
however, upon ligation with the appropriate synthetic peptides, 
both displayed catalytic activities typical of the wild-type enzymes 
(Fie. 5). IJeated RNase A required renatnration. as described pre- 
viously t'Lvles & . Gilbert, 1991), to display full activity as deter- 
mined by the catalyzed hydrolysis of 2'.3'-eyclic eytidmc 
moittmhosphaie (Hodges & Mcrtifield. 1975). The ligaied and 
renautred prtnetn had k«. t and K ttt values of H.2 s 1 and 1.5 mM. 
respectively, iti |2(kk1 agreement with previously rcportcil values t>f 
8.3 s" 1 anil L2 mM (Hodges & Merrifield. 1975). Final yields of 
truncated. I i gated, and cn/ymatically active RNase A were abend 
0.3 mg/L cell culture for each, demonstrating the high efficiency 
of ligation. 

In contrast to RNase A. //yvd displayed activity immediately 
after ligation. Specific activity of the recovered soluble enzyme 
was determined to be 0.5-1.5 x 10* U/mg. in good agreement 
with the expected value of 1-2 X 10* U/mg (J, Benner. unpubl. 
obsj. However, u signiftcant portion of the ligated protein became 
insoluble and precipitated from solution, accounting for 95-98% 
of the ligation product as shown by SOS-PACK (sec Fig. 4). It 
appears, therefore, that only a fraction of the fusion product folded 
correctly while the rest assumed a misfolded conformation. 

Unlike with RNase A. refolding experiments with Hpa\ were 
unsuccessful, A need for refolding has been found with other con- 
densation techniques (Jackson et a!.. 1994; Lu et uL 1996) and »s 
a potential complication of any method that involves the formation 
of a protein from smaller fragments, The final yields of truncated, 
ligated. and en/.yinatically active Hptil were 3-6. 3-6. and 0. 1-0.2 
mg/Lccll culture, respectively. Incubation of the thioester-tagged 
proieitt fragments of RNase A and Hpu\ with hydroxylamine. which 
replaces the thioester with a hydroxamate that is unrcactivc to 
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Kilt. 4. Peptide ligation reactions examined using SI)S>l'ACil: on 10— JO'S iiieme gels, A: Laac I: clarified cell exiract after M*Ki 
\\\$ wMj induciion of cells coiuainhui the pTMIMlpa i plasmid. flu*, fusion protein of Hpa XyivMsr OyiA i»tein~C*KD 

5.52 kUtii is mink. Lane 2: cell extract as in ianc I after .pntenge over a chitin column, which results in the binding nf the fusion protein. 
Lane 3; Hpn I;?. ! 25-7 kDa) after deaxage from Itw fusion jjrotein by addition of MI;SNA. Lam: 4: ligation punluei of Hpa l;»* 
!0.2 mg/iuLi with I m.M of a 3 J amino acid peptide (ligation product 2 i >.u kDa). representing die residues neeessaiy to generate full 
length W/vl. after uvernighl incubation at 4 e C\ Lane 5; fulMcngih from a recombinant source <2'*.rt kDa) ctminiiiiiig USA 
<{.6 kDa) ami two impurities. Lane b: hydrmylaminc treated Hpa f\n {overnight incuhtriinn at 4 T uiih 3o i«M hydroxy kimim a l reacted 
overnight at 4 9 C wiih ihe 31 amino acid peptide. The low molecular weight smears present in lanes 4 nod 6 are the 31 amino acid 
peptide used in ligation. Mi Lane I: clarified ecll extract after IPTG induction of KR25W» eelis cimiuining the pTXBLKNase plasiuid. 
The dark hand is the precursor RNase A^ AJM' GyrA iniem~CBD proiein i38 kDa), Lane 2: clarified eell extract after passage over 
a chitin column, which results in the binding of die fusion protein. Lain: '3; RNa*c A tm i 1 : 2 kDa) after purification and eonecntralion. 
Lane 4: ligation product of RN.iw A 1 13.7 kDai after incubation of KNase A. ls » with a iSmtef peptide ieprcscntm|i ihe missing amino 
acids \ j mM final pepmle eonccniiiUiniij. Lane 5r lignieif bovine panereaiie RNase A alkr llh.C puiifieurimi. Lane (>r full-leiigdi 
Nnme panerealie UNase A from ihe Sigma Chemical Co. Urn: 7: RNase t\ hv , pietnL-ated wiih bydn^ylarnine iM) uiM hydonykimiiie 
for \h U ai 4 < Ci and further incubated whh the 15-ntvr {Srptide i«»r anmher 16 i» ai 4 ; ( : . 



lUk'luophilic liluiA'k by ihinl*oiMUtining compounds, ulimiinticd !>♦ Disciission 
giiljon and sLiKsec|uent ciiUtiyiie twiiviiy i Figs, 4. 51. The activity of 

lull length RNasc A and Hf*tt\ as well as prcviiHisly lieatcii samples The application of molccukir biological appiviaches ht the exprcs- 

were m» affected by inuihiiiiim with Jmliosylamine. simi and nutUolution t*f cytotoxic prrncins can be difficult. It is 




v/rs] 

Fiji. 5. Catalyiic activities of Ugared KNutu A and ///wl, A; Acovity of ligated bovine pancieatie K Nave A toward ihe iiydtolysis of 
eviidine 2'.?''-e>tflic monr>phr!sph;tte iC>H Hydrolysis of C>\* by ligated RNase A «'0.M jtiMJ was monii«red by a change in 
absufbunce a' n"M. v ivchviiy) has units of AA2 l Xi/s and |S| is ut mot/L. l-aeh point represents the average of ihtee separ.ue 
dei eoni nations. The unnnvei number and K. n w«v dcierntined to i>e K,2 s ' and 1.5 uiM, rcspeciively. II: l£mJi»utclease activity of 
ligated M/wl toward I.JTMUS DNA (New England lliolabsi/fhe asstiy consisted i>f inculwition of the aprvopriate santple with Hfttu\ 
rf U. New l-nsland Hiohdwi and 2 ;ie uf LITMUS 28 DNA overnight M 37T in 20 niM Tiis-acctate. pH 10 m.M magnesium 
acetate. 50 rnM potawsium acctsic, I mM dtthioihreitol. ami l?0/<g/?uL HSA (touil volume. Mt vU. The teaeiions were visualized on 
a agarose ^cl stainetl ^vith ediidium bromide. Lane I: LITMUS DNA incubated wiih 0.3 U of ttpu\ Vtpti'um product. Lane. Z: 
LITMUS 2x DNA and 2.5 V nf %/l i New Kngland OjoJah.s). Lane 3: LI TMUS 2S !')NA ineubaied with the equivalent amount of Mp:i 
;md U .imifto acW peptuu; as in Lute I. Ligation of these materials w;ts prevented by incubating Mpa with hydroxylanune at 
4 ,: C oxcrnight Ivfoie unothcr 4"C overnight mcul*aiii»u with the peptide. Hydmx ylatrtine w;t> not found to elfeci die activity of full 
length /r>d. Lane 4' Lit»eari/ed LITMUS 2s DNA. 
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Intern-mediated protein ligation 

often necessary to develop unique conditions that allow the pro- 
duction of a particular cytotoxic protein. Unfortunately, these spe- 
cial conditions usually are not applicable to another protein of 
interest. The procedure described here may allow the production of 
cytotoxic proteins as either wild-type or mutant forms. Moreover, 
because it relies on the inactivation of a protein by truncation, it 
may be more generally applicable. Both full-length RNase A and 
Hpal, in the absence of its respective methylasc, are potentially 
toxic to cells when expressed at high levels, whereas the target- 
intcin-CBD fusion proteins of both RNase A and Hpal could be 
expressed ul 2:5 mg/Lof cell culture and converted to full length, 
cnzymatically active proteins by fusing the thioesier-taggcd frag- 
ments to synthetic peptides representing the missing amino acids. 

The nature of the CMcrminal thioester influenced ligation effi- 
ciency as was seen previously (Dawson el ah, 1 994; Lu ct al., 
1996), and the thiol reagent used for cleavage determines the prop- 
enies of the C-tcrminaJ thioester. Therefore, the protocol described 
in this paper has two important requirements for a thiol reagent. 
First, it must promote efficient ligation. Two compounds shown in 
Figure 2B have litis property — MESNA and thiophenol. Second, 
total yields of thioester-tagged proteins would be higher if the thiol 
reagent proficiently induced hue in -mediated cleavage. Neither 
MESNA nor thiophenol-induced efficient cleavage at 4°C with the 
See VMA intcin fusion protein (Rg, 2A). Although cleavage was 
more efficient (30-60%) with MESNA at room temperature (data 
not shown). However, another intcin. a modified Mxe CyrA intcin, 
did cleave efficiently with both of these compounds (Fig, 2A) and 
was used in subsequent purification reactions. The differential sen- 
sitivity of i me ins to thiol reagents may indicate structural varia- 
tions that allow the active site in one intern to be more solvent 
accessible. However, both of the MBP fusions of the modulated 
Sec VMA and Mxe OyrA interns are resistant to hydrolysis (data 
not shown). Therefore, the ability of a thiol reagent to induce 
cleavage may be due to the correct spatial arrangement of atoms 
that allows the thiol group to orient itself in the optimum position 
for uucleophilic attack in one intein but not another. 

Similar to cbemoselective techniques, which rely on the pairing 
of two reactive groups, this strategy allows ligation with no need 
for the presence of protecting groups on either the protein fragment 
or the synthetic peptide. Previously, reactive groups have been 
introduced into the peptide during synthesis and/or into the protein 
fragment chemically or with proteases (.Wallace, 1995). An advan- 
tage of the procedure presented in this paper is that a reactive 
thioester is easily and precisely generated on a bacterially ex- 
pressed protein by the intein as pan of the purification process. 
Furthermore, this bypasses problems associated with proteases such 
as the presence of multiple protease sites within a protein and the 
need for ligation to occur at a protease recognition sequence. How- 
ever, there is a requirement for a cysteine at the site of ligation. 
Application of mutagenesis to insert ligation sites may be useful to 
increase the number of proteins accessible to this procedure, as 
was demonstrated for "autoeatalytic fragment religation" involv- 
ing cytochrome c (Woods et al.. 1996). 

The ligation of a synthetic peptide to the C-lerminus of a re* 
combinant protein complements other recent techniques such as 
native chemical ligation (Dawson et at., 1994) and the use of 
"subtiligase" (Jackson ct al.. 1994), which can be used to attach 
compounds to the N-tcrminus of a protein sequence. A slight mod* 
ification of native chemical ligation was used to attach an EDTA 
derivative to the first residue of chimeric c-Kos and c-Jun bZip 
proteins (Frianson et al.. 1996). Use of subtiligase has allowed the 
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ligation of peptides to the N-tcrminus of mcthionyl-extended hu- 
man growth hormone and atrial natriuretic peptide (Chang et al., 
i994). Therefore, modification of a protein sequence can be ac- 
complished at either or both ends using these techniques in concert 
with the methodology described in this paper. 

An important consideration when using this methodology is at 
which point to truncate the target protein. Jn the case of RNase A. 
this was facilitated by the vast amount of biochemical data on this 
protein. Previous studies had demonstrated the importance of the 
G terminal residues for RNase A activity (Lin, 1970; Gutte ct al., 
1972: Wlodawer et al., 1988). However, most cytotoxic proteins of 
interest have little or no available biochemical information. To 
address this issue, we applied this technique to the type II restric- 
tion cndonuclease, Hpal about which structure /function relation- 
ships are not well determined. Truncation of Hpai at residue 223 
led to an inactive fragment. Inactivation could be due to the dele- 
tion of critical residues or the misfolding of the truncated protein. 
A portion of the protein displayed activity immediately after liga- 
tion. However, a significant percentage did not, probably due to 
misfolding. Rcnaturation is probably a requirement for any tech- 
nique that involves the assembly of proteins from smaller frag- 
ments and was successful with RNase A but not with Hpal. The 
need for rcnaturation may be eliminated if the protein were divided 
between domains that fold independently. 

The presented procedure may allow the production of cytotoxic 
proteins and the introduction of noncoded amino acids into large 
protein sequences. Also, the ability to precisely place a reactive 
thioester at the C-terminus of a large protein paves the way for 
specific labeling of protein sequences without the use of chemicals 
that may derivative important catalytic residues. In the future, re- 
placement of the synthetic peptide with a recombinant protein 
should allow the fusion of large unrelated proteins. 



Materials and methods 

Creation of vectors pTXBI and pTXB2 

Aspamgine 198 of the Mxe GyrA intein was mutated to alanine by 
linker insertion into the Xtnnl and PsA sites of pmxeMIPTyrXmn 
SPdel to create pMXPI. The linker was composed of nue#3 (5*- 
GGrrCCTCACCCACGCrACTGGCCTCACCGGTTCATACXrr 
CCA-3') and mxcMA (5 ' • GCTATC A ACCGGTG AGGCC ACTA 
GCGTGGCTG ACGAACC-3' ). Into pMXPI another linker 
(composed of mxe#l S'-TCGAATCTAGACATATGGCCATCG 
GTGGCGGCCGCCrCGAGGGCTCTTCCTGCATCACGGGAG 
ATGCA-3' and mxe#2 5 '-CTAGTGC ATCTCCCGTG ATGCAGG 
AAGAGCCCTCGAGGCGHGCCGCCACCCAfGGCCATATGT 
CTAGAT-3') was inserted into the Xhoi and Spe\ sites to introduce 
a multiple cloning site iXhaUNdel-NcnUNort-XhoUSapl) before 
the Mxe GyrA intein (pMXP2). The Not\ to Agel digest of pMXP2 
was Itgaicd into the same sites in pTYBI (New England Biolabs. 
Beverly, Massachusetts) and theMwI inAgei fragment of pMXP2 
was cloned into pTYB3 (New England Biolabs) to create plasmids 
pTXBI and pTXB2. respectively. 

isolation of truncated genes for Hpal and RNase A 

The genes for truncated Hpal (Hpa l 22 ,%. amino acids 1-223) were 
isolated by the polymerase chain reaction (PCR) (Saiki ct al. 
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1985) from a cloned full length Hpa\ gene (New England Biolabs) 
using oligonucleotides Hpa#4 (5 ' -GTGGA AGCTCTTC AGC AC 
ATITGCC AGGTTCTTCTTT-3 ' ) and Hpa#5 (5'-GTGGAATCA 
TGAAATACGAAGAAATTAATTTTAA-3'). The PCR reaction 
solution contained Vent DNA polymerase buffer (New England 
Biolabs), 0.39 fM primer, 80 mM dNTP, 20 U/mL Vent DNA 
polymerase (New England Biolabs) and 500 ng/mL of the plasmid 
containing the Nfxtl gene. Amplification was performed on a Perkin- 
filnier (Norwalk. Connecticut) Cetus thermal cycler at 94 "C for 
45 s. 60 e C for 30 s, and 72 *C for 50 a for 20 cycles. The PCR 
product was transferred to a pTXB2 vector by shuffling into the 
Nco\ and Sap\ sites, yielding pTXB2-Hpal. The gene for truncated 
RNase A (RNase A IW . amino acids 1-109 of full length RNase A 
with a methionine added to the N -terminus) was isolated by PCR 
from a Bovine Genomic Library from adult mule liver (CLON- 
TECH Laboratories Inc., Palo Alto, California) using oligos RNase* 1 
( 5 '-GTGG A ACATATGA AGG AA ACTGCAGCAGCCA-3 ' ) and 
Rtf2 (5'-GTGG A AGCTCTTCAGCA A GCCAC A ATGATGTG'ITT 
ATT-3'). PCR was as described for Hpal with the following ex- 
ceptions. Lambda library (2 pL) was healed to 94 °C for I min 
prior to use. The PCR reaction solution contained magnesium- free 
Vent DNA polymerase buffer (New England Biolabs) to which 
MgS0 4 was added to a final concentration of I mM and 25 U/mL 
Taq DNA polymerase (Fisher Scientific, Pittsburgh. Pennsylva- 
nia). The thermal cycler conditions were 94 T for 30 s. 52 °C for 
30 s. and 72 °C for 45 s for 25 cycles. The PCR product was cloned 
into the Nde\ and Sapl sites of pTXB I . resulting in pTXB I -RNase. 
Oligonucleotide synthesis and sequencing of the cloned genes were 
performed by the Organic Division and Sequencing Facility of 
New England Biolabs. respectively. 

Purification of thiotswr-tagged proteins 

Protein pari Ileal ion was as described using the See VMA in rein 
(Chong et aL 1997) with slight modification. ER2566 cells (W, 
Jack, D. Dila. J. Menin, E.A. Raleigh, in prep.) containing the 
appropriate pTXB vector were grown to an OD^kj of 0.5-0.6 at 
37 *C, at which point they were induced with 0.5 mM IFI'G over- 
night at I5°C. Cells were harvested by cenlrifugation and lyscd by 
sonication {performed on ice). The three part fusion protein was 
bound to chitin beads (10 mL bed volume) equilibrated in Buffer 
A (50 mM Tris, pH 7.4, and 500 mM NaCI). and washed with 10 
column volumes of Buffer A to remove unbound material. Cleav- 
age was initiated using a buffer of 50 mM MESNA (Sigma Chem- 
ical Co., St. Louis, Missouri), 50 mM Tris, pH 8.0, and 100 mM 
NaCI (Fig. 4). Protein binding to the column, washing, and on- 
column cleavage were carried out at 4 °C. Fractions were collected 
after an overnight incubation at 4T. Hpa fey protein concentra- 
tions were determined using the Bio-Rad Protein Assay (Hercules, 
California). RNase A concentrations were calculated using an ex- 
tinction coefficient at 277.5 nM of 9.8 mM*" 1 em" 1 (Lyles & 
Gilbert. 1991). 

Purification of MYB and A/A'tt 

Full-length precursor proteins consisting of maltose binding protein- 
See VMA intein ( N454A)~chitin binding domain (MYB) and malt- 
ose binding protein-Ate GyrA (NI98A) intetn-chitin binding 
domain (MXB) were purified after induction and sonication. as 
described for thioester-tagged proteins, by applying the sonicated 
sample to a 10 mL column of amylose resin (New England Bio- 
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labs). Unbound proteins were washed from the column with 10 
column volumes of Buffer A (see purification of thioester-tagged 
proteins). Bound proteins were elutcd with a buffer of 50 mM Tris. 
pH 8, containing 100 mM NaCI and 10 mM maltose. Fractions 
were collected and protein concentrations were determined using 
the Bio-Rad Protein Assay. 

Peptide synthesis 

Peptide synthesis was performed on an ABI model 433 A peptide 
synthesizer utilizing FastMac chemistry (Fields ct aL 1991) at 
a 0.085 rnmol scale. Preloaded HMP (/?-hydroxymethyl- 
phenoxy methyl) polystyrene resins (Applied Biosystems, Foster 
City. California) functionalizcd at 0.5 rnmol /g was used in con- 
junction with Fmoc/NMP chemistry utilizing HBTU amino acid 
activation (Dounoglou et aL. 1984; Knorr el al.. 1989). Fmoc 
amino acids were purchased from Applied Biosy stems. Synthesis 
proceeded with a single coupling during each cycle. Peptide cleav- 
age from the resin and simultaneous removal of side chain pro- 
tecting groups was facilitated by the addition of cleavage mixture 
(Perkin-Elmcr) consisting of 0.75 g phenol, 0.25 mL 1,2- 
ethancdithiol. 0.5 mL deiomzed H 2 O t and 10 mLTFA. The resin 
was flushed with nitrogen and gently stirred at room temperature 
for 3 h. Following filtration and precipitation into cold (0°C) 
nwthy Uf-JwrvJ ether, the precipitate in the ether fraction was col- 
lected by cenlrifugation. The peptide precipitate wus vacuum dried 
and analyzed by mass spectrometry using a Perceptive Biosy stems 
(Framingham, Massachusetts) MALDI-TOF mass spectrometer. 
Final purification wus by HPLC using a Waters HPLC system with 
a Lambda-Max Model 481 multi wavelength detector (set at 214 
nM ). 500 series pumps, and automated gradient controller with a 
Vydac semi -preparative CI 8 column. Elution of the peptide was 
with a 60 min linear gradient of 6-60% acetonitriJe (v/v) in an 
aqueous solution of 0.1% TFA (v/v). 

Protein cleavage, and ligation reactions 

Cleavage of MYB and MXB. The precursor protein (1 mg/mL) 
was incubated overnight at 4°C with or without a thiol reagent 
(50 mM) in 150 mM Tris. pH 8, containing 100 mM NaCI. Liga- 
tion reactions with MYB and MXB. The precursor protein (1 mg/ 
mL) was treated as described for cleavage except that a 30-amino 
acid peptide (I mM final concentration. NHj-CAYKTT 
QANKH1IVACEGNPYVPVHFDASV-COOH) was also included 
in the reaction. Ligation reactions after purification of thioester- 
tagged proteins. Lyophilizcd peptides (New England Biolabs) were 
added (to I mM final concentration) directly to the thioester- 
tagged protein freshly isolated from the chitin column. The reac- 
tion was allowed to proceed overnight at 4 °C. In the case of RNase 
A. RNase A 109 was subjected to concentration (3-4 h concentra- 
tion time) using a Ccntriprep 3 column (Amicon. Beverly. Mas- 
sachusetts) before addition of the peptide. 

HPLC purification of ligated RNase A 

The ligatcd RNase A was separated from small amounts of impu- 
rities by HPLC. The HPLC apparatus consisted of a GP-250 Gra- 
dient Programmer, P-500 pumps and LKB Control Unit UV-I 
(Pharmacia, Uppsala, Sweden). 'Hie sample was dtaly/cd into phos- 
phate buffer (15 mM phosphate buffer, pH 6.6) containing 50 mM 
NaCI. Tins was applied to a mono S column (I mL bed volume. 
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Pharmacia) equilibrated in the same buffer. Ligated RNase A was 
clutcd with a 50-600 mM NaCl gradient in phosphate buffer Both 
RNase A purchased from the Sigma Chemical Co. (St. Louis, 
Missouri) and ligated RNasc A clutcd at 210 mM NaCl under these 
conditions. 

Determination of ligation efficiencies 

Ligation efficiencies were based on the comparison of densitom- 
etry measurements taken by scanning the SDS*PAGE gels of li- 
gation reactions. Staining intensity of protein bands from scanned 
images was determined using the program NIH Image 1.59/ppc 
with subtraction of the intensity of an equivalent area with no 
visible staining. Percent ligation efficiencies were calculated using 
the equation: 

LE -LP* \m/(LP+ UP) (1) 

where LE is the ligation efficiency, IP is the staining intensity of 
ligated product, and UP is the staining intensity of unligatcd protein. 

Renaturtttitm of RNase A 

Following the ligation reaction, RNase A was subjected to rena- 
turation as described previously (Lyles & Gilbert. 1991). Ligated 
RNase A was initially denatured by overnight dialysis at 4 °C against 
100 mM Iris, pH 8 containing 2 mM EDTA, 140 mM DTT, and 
6 M guanidine MCI. This was followed by dialysis into a solution 
of 50 mM Tris buffer pH 8 containing 100 mM NaCl, 0.2 mM 
GSSG, 1 .0 mM GSH. and 2 mM EOT A (overnight dialysis at 4 C C. 
followed by another I h in fresh solution). Refolding was facili- 
tated by the addition of protein-di sulfide isomerasc (1 U/330 ^ig of 
RNase A, Sigma Chemical Co.) and allowed to proceed for 7 h at 
room temperature. 

Enzymatic assays for RNase A and Hpal 

The catalytic activity of RNase A was monitored by its ability to 
hydrolyzc cytidtnc 2 '.3 '-cyclic monophosphate (C>P> Sigma Chem- 
ical Co.) as described previously (Hodges & Merrifield, 1975). A 
typical assay consisted of the addition of ligated or truncated RNase 
A (0.61 fiM) to differing concentrations of C>P in 100 mM Tris 
buffer, pH 6 containing 100 mM NaCl. Hydrolysis of C>P was 
monitored by a change in absorbanee at 296 nM using extinction 
coefficients of 0.19 mM' ! cm~ f and 0.38 mM"' cm"* 1 for OP 
and hydroly/.cd C>P, respectively (Lyles & Gilbert, 1991). The 
activity of Hpal was determined by its ability to digest Lambda 
DNA (New England Biolabs). Serial dilutions of ligated or hy- 
droxylamine treated truncated Hpah with the appropriate peptide 
added to 1 mM. were incubated with 1 /xg of Lambda DNA for I h 
at 37 °C in a buffer of 20 mM Tris-acetate, pH 7.9. 10 mM mag- 
nesium acecute, 50 mM potassium acetate, I mM diihiothreitol. 
and 170 pg/mL BSA (total volume 30 p,L), Digestion reactions 
were visualized on 1 % agarose gels permeated with ethidium bro- 
mide. One unit of Hpal was defined as the amount of enzyme 
necessary to digest 1 p.% of Lambda DNA in I h at 37 °C. 
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IMPACT" CN System 

recombinant fusion protein expression and one-step affinity purification 



#E6900S>... S400 

Components Sold Separately: 
Chltin Beads 

#$6651 S 20 mi..,. $45 

#S6651L 100m!... $180 

Anti-Chitin Binding Domain Serum 

#$6654S 0,05 ml..,. $50 

Vectors Sold Separately: 
See page 166 for a complete listing 
and guide to IMPACT vectors. 
Restriction maps can be found on 
pages 310-317; sequence files are 
available at <www.neb.com>. 

Primers Sold Separately: 

See page 140 tor a complete listing 

of IMPACT sequencing primers. 



The System Includes: 

• Four pTYB £ eoli expression vectors: 
pTY8ipTYB2,pTYd1lpTY812 

m Control Plasmid(pMYB5) 

m Ghitin Beads: Affinity matrix used for 

fusion protein purification (hinting 

capacity *2 mg/mij 
m £»// Strain ER25BS 
m Anii-CBD Serum (rabbit) 
m J? Universal, V Terminator Reverse. 

iniein Forward and Intein Bmrse 

Sequencing Primers 

m Oil and SOS Sample Buffer 
m Comprehensive instruction Manual 



Description: IMPACT (Iniein Mediated Purification 
with an Affinity Chfiin-binding Tag) utilizes the 
inducible sell-cleavage activity oi engineered protein 
splicing elements (termed inleins) to purify recombi- 
nant proteins by a single affinity column (1-4) 
(Figures 1 and 2). This system distinguishes itself Irom 
other protein fusion systems by its ability to separate a 
recombinant protein Irom the affinity tag without the 
use of a protease. 

The iMPACT-CN Protein Fusion and Purilicaiion 
System contains lour expression vectors (pTYB 
vectors) which allow fusion of a bllunctiona! tag, 
consisting ot the intein and the chitift binding domain 
(5), to either Ihe C-lerminus (pTYBl,2) or N-lermimis 
(pTYB1 1 .12) of the targe! protein. In the presence ot 
thiols such as DIT, (J-rnercaptoeihangl or cysteine, the 
intein undergoes specific self -cleavage which releases 
the target protein Irom the chiiin-hound intein tag. 

Both pTYB1 and pTYBi 1 contain a Sap I cloning site 
which allows the target gene to be cloned Immediately 
adjacent to the cleavage she ol the intein lag; this 
results in the purification oi a target protein without any 
extra non-nalive residues attached to its terminus alter 
cleavage, Use oi pTYB2 or pTYB12 yields a target 
protein with extra residue(s) added io its C-terminus or 
^terminus, respectively. Addition of extra residues 
may help the cleavage reaction lor some target 
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Figure 1: Schematic oi ttie IMPACT-CN System, 



proteins. pTYB2 and pTYB12 contain the same t 
compatible restriction sites in the multiple cloni 
region. This allows cloning the same target gem 
iragment into both vectors. pTYBt and pTYB2 u 
of Ihe Nde I site in the multiple cloning region li 
translation initiation. 

Vectors sold separately: pTYB3 and pTYB4 con! 
Nco I site in place ol the Nde I site in pTYBt an 
pTY82, respectively. pKYBI is identical to pTYl 
except dial it carries kananvycln resistance inste 
ampicillin resistance. pTXB1 and pTXB3 contai 
mini-intein with alternative preferred residues a 
cleavage site (10,1 1). See page 166 lor a guide 
IMPACT vectors and applications. 
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Figure 2: Purification of biologically active ) 
Ugase with >98% purify in one step: Std: A/£ 
Range Protein Matter, lane t (Clone): onlndi 
extract, lam 2 (Express): induced celt extract 
expressed fusion protein, Lane 3 (Purify): T4 
fractions etuted alter Inducing cleavage overn 
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IMPACTMWiN System 

labeling, ligation and cyclizalion 



Description: The IMPACT"-TWIN Protein Fusion 
and Purilicaiion System utilizes the inducible self- 
cleavage activity ot engineered protein splicing 
elements (termed interns) lor protein purification and 
manipulation. It can produce a target protein with an 
N-terminai cysteine and/or a C-termlnal thioester tor 
protein labeling, ligation and cyctization. 

The System contains three expression vectors that 
allow the luston ot a target protein to modified mini- 
inlein tags. These vectors permit the isolation of 
proteins with a C- terminal thioester tor protein ligation 
or with an N-ierminal residue other than Met (7-9), 
The protein ligation reaction allows the incorporation 
oi non-coded amino acids or labels into a protein 
sequence, Furthermore, pTWIN vectors can be used to 
fuse a targe! protein to the C-lemiinus ol inteint, 
which can he induced to undergo cleavage bya 
temperalurc/pH stiltt (9). This is advantageous tor 
purifying target proteins thai are sensitive Reducing 
agents, finally, insertion of the target protein between 
two inlein tags allows the generation ol circular 
protein species wilt) a peptide bond at the site of 
ligation (7). 

Hole: The controlled cleavage activity of an inlein tag 
can be affected by the target protein sequence, Please 
see We I (page 166) lot amino ecids that are most 
likely to cleave as expected. Also, when creating 
circular proteins it is typical thai the linear form will 
to co-purified, requiring a further step to separate the 
tw protein species. 




figure 2: Protein purification bypH and temperature 
induced cleavage: Using a pfWiN vector, the Intern tag 
ft lusod to theN-terrninus of the target protein. The 
target protein is then released bypH and temperature 
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Figure 1: Protein cyctization: The target protein Is fused 
between inteint and Ini$m2 and released with an 
N-terrninal cysteine and a C-termmai thioester. 




Figure 3: Protein purification by thioHnduced cleavage: 
Using a p TWIN vector, the intein teg is fused to the 
C-terminus of the target protein. The target protein is 
then released by thioHnduced cleavage 



#E6950S . 



.,$400 



Components Sold Separately: 
Chitin Beads 

#56651 S 20 ml,... $45 

#$6651 L 100ml... $180 

Anti-Chltin Binding Domain Serum 

#S6654S 0.05ml.... $50 

Vectors Sold Separately: 
See page 1 66 for a complete listing 
and guide to IMPACT vectors. 
Restriction maps can be found on 
pages 310-317: sequence files are 
available at <www.neb.com>. 

Primers Sold Separately: 

See page 140 for a complete listing 

of IMPACT sequencing primers. 



The System includes: 

■ Three pTWIN £ soli expression veciofs: 
plWINI, pJWIN2, pTWIN~MBP1 

m Chilin Beads: Affinity malm used tor 
fusion protein purification (binding 
capacity =2 mg/ml), 

• Ecoii Strain ER2566 

m Anti-CBD Serum (rabbit) 

m Ssp DnaB inlein Forward, Mxe inlein 

Reverse end Mth RIR1 Inlein Reverse 

Sequencing Primers 
m DTTandSDS-PAGE Sample Buffer 
m Instruction Manual 



Advantages of the IMPACT Systems: 

■ Single-column purification— no additional 
steps to remove the affinity tag 

m Flexibility of fusion to either ihe 
C-ierminus or N-terminus ot the target 
protein maximizes the probability of 
successful expression and purification 

• Yields native amino acid sequence 

■ Release ol fusion partner without the use 
of proteases 

• Isolation of proteins with or without an 
N-termina! methionine residue 

■ Use c! either thiol reagent or pH and 
temperature shift to induce on-column 



The only system that produces ptoteins 
possessing an N-terminal cysteine and/or 
C-terminal thioester tor use in protein 
labeling, ligation and cyclizalion 

IPTG-inducible 17 Promoter (6) tor high- 
level expression and light regulation ol 
expression 
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IMPACT'" Vectors 



Vectors 


Intein length 
(amino acids) 


TargBt protein 
fusion site 


Preferred residues 
at cleavage sile 


Cleavage method 


Applications 


I1YIPAUT-CN Km 

pTY81 t ? 


ASA 


C -terminus 


All except: PCNOR 


Thiol 


Purification {}}: r>terminal ihioestcf tot pioi 


pTYBH.12 


S10 


N~tei minus 


All except: P 5 C I 


IntOl 


Piuiiotlon [2) 


IMPACT-TWIN Kit 

pTWINi 


154 

198 


N-tDiminus 
C-imminus 


S. C.&A.M.T 
Ail cxcepnSPEDGA 


pH I icmperalure 
Thiol 


Purification: C-lerminal thioestcr; defined N 
(eg. Cys); piotein ligation and cyciijaiion (1 


pTWN2 


154 
134 


N-terminus 
C -terminus 


S. C.G.A, M, T 
G, A 


pH & tempeiature 
Thiol 


Putificalion; (Merminal thioeslei; defined N 
(e.g. Cys); protein iigalion and evaluation (t 


Sold Separately 

plY63.4andpKYB! 


454 


C-lerminus 


All except: P C N 0 N 


Thiol 


Purilicaiion: Germinal thioesler lor protei 


PTX81.3 


198 


Cterminus 


Allexccpl;$PEDGA 


Thiol 


Purification (I0.11): ^terminal thiocsier tot dj 



Table 1: Guide to IMPACT xwiors and applications. 



IMPACT Vectors Sold Separately: 
pTYB1 Vector ONA 
#N6701S 10m0. 

pTYB2 Vector ONA 

#N6702S 



10 MO 
pTYBII Vector DNA 
#NG901$ 10 W3 

pTYB12 Vector DNA 
#N6902$ 10 MO 

pMYBS Control Plasmid 
#N6906S 



$75 
$75 
$75 
$75 
$50 
$75 



pKYB1 Vector DNA 

#N6706S 

pTX81 Vector DNA 

#N6707S 

pTX83 Vector ONA 

#N6708S 

pTYB3 Vector DNA 

#N6703$ 

pTY84 Vector DNA 

IN6704S 

pTWINI Vector DNA 

#N6951S 10 $75 

pTWtN2 Vector DNA 

f?N6952S 10 MO--- 575 

pTWIN-MBPI Vector DNA 

#N6953S 10m0»» S75 

Note: £ coli strain ER2566 is included 
with all vectors sold separately. 



10MO 
10m0 

10fig $75 

10 jig..,. $75 

10 $75 

10 MO — $ ? 5 



HS1248S xtut y 

EEEV 2 * 4 



B amH I PM 1 BamH \ 

#312715 



•S1248S Xtwly 



pTYBII.12 



pTXBI.3 



pTWINI 



pTWIN2 



AS12633 v Put I BamH I 

Mil 



SS1248S Xbn l n P«tl B*mM 



•31268S 



#S1271S 



#812485 xbot Ndot 931208% y y 



#S126aS 



«S1271S 



#S124fiS Xba l Ndel »Sl2jB9Sy y P*M OamH 



A31270S 



SS1271S 



Figure 1: IMPACT vectors and sequencing primers. Detailed restriction maps can ba 
found on pages 310-317. 

CBD * chitin binding domain, MVS * multiple cloning site, v * intoin cleavage site($) 



Notice la 8uy«rAlsef; NtM-pott foyers or users 
have a non-e?cclii5tve Wmm to »ae this system or any 
anvommt Inured lot RESEARCH PURPOSES 0N1Y. 

FOf-pfOlil fcli^rs 0» USKS mtiSl H8V0 Of Obtain a HOCUSC 

lo.' RESEARCH PURPOSES Horn BrooMiaven National 
Uborstory. BuflrJIftQ 4750. P.O. Box 5000, Ufuon, NY, 
1 i9ft-500fc teteptane: 516-344-7 134; iax: 51fi^4> 
3729, For eomrncrcai liss ol this system or any 
ccm>porwni8 t&weol, both Mon-ptotilanti For-profit 
twy*$ and rass may obtain a license 'rem f&* England 
Ilifii^K. MdHkmfii tolcrmotian recafflfng fe^cf 
ftfe syacra may J* obtain*! irotf NEB, 



